Introduction
============

People of South Asian origin living in Canada have a higher risk of developing type 2 diabetes and cardiovascular disease when compared with other ethnicities.^[@bib1]^ There are several factors contributing to this higher risk, including that South Asians have greater adiposity for a given level of body mass index (BMI), and more visceral and ectopic adipose tissue accumulation, including fatty liver.^[@bib2],\ [@bib3]^

The most commonly used measure to categorize individuals as being overweight or obese is the BMI. However, BMI does not distinguish between fat and fat-free mass, and several studies have shown that a low BMI is not associated with a low percent body fat (%BF) in the South Asian population.^[@bib3]^ Furthermore, South Asians have greater abdominal obesity, total abdominal fat and intra-abdominal adipose tissue for a similar value of BMI compared with white Caucasian populations.^[@bib2]^ Razak *et al.*^[@bib2]^ observed that a BMI \>21 kg m^−2^ is associated with dysglycemia and dyslipidemia in South Asians, whereas comparable changes do not occur among white Caucasians until their BMI is \>30 kg m^−2^. Given the propensity of South Asians to develop adiposity-related disorders, it is important to have methods to accurately analyze body composition and %BF in this high-risk population.

Several techniques to measure body composition under controlled conditions have been developed. A commonly used reference method in body composition studies is dual X-ray absorptiometry (DXA). However, DXA equipment is expensive, difficult to use in large population-based studies and exposes individuals to some radiation.^[@bib4],\ [@bib5]^ Other methods of body composition analysis have been developed, including the foot-to-foot bioelectrical impedance analysis (FF-BIA), and the BOD POD. Several studies have validated the FF-BIA against DXA.^[@bib6]^ Furthermore, FF-BIA is cheap, portable, time-efficient and requires minimal training. However, FF-BIA has been reported to be influenced by biological factors such as pulsatile blood flow and total amount of body water, which may limit its use in healthy and non-healthy populations.^[@bib7]^ In addition, the FF-BIA technique may not be a good representation of %BF in abdominally obese individuals.^[@bib8]^ BOD POD is the first commercially available air-displacement plethysmograph and is considered to be among the most valid and reliable measures of body fat.^[@bib9]^ The advantages of BOD POD include its quick, comfortable, automated, noninvasive and safe measurement process, and its accommodation of diverse range of subjects including children, obese, elderly and disabled.^[@bib9]^ However, BOD POD equipment requires trained operators, and is not portable, making it difficult to use in large population-based studies.

In addition to FF-BIA and BOD POD, there are simple anthropometric measures that enable brief screening of individuals in an office setting and in population-based studies. These include BMI, waist circumference (WC), hip circumference (HC) and waist-to-hip ratio (WHR). More recently, a new index for estimating %BF in adults, known as the body adiposity index (BAI) has been proposed.^[@bib10]^

The purpose of this study is to examine the utility of different body composition measurement methods to determine %BF in a South Asian population living in Canada. The primary objectives were: (1) to investigate the correlation of a FF-BIA against the BOD POD, a method of air-displacement plethysmography, and (2) to determine the correlations of simple anthropometric measures, (that is, BMI, BAI, WC, HC and WHR) against the BOD POD measure of body fat.

Materials and methods
=====================

Study sample
------------

The study received approval from the Hamilton Health Sciences Research Ethics Board on 8 December 2011, and all participants provided informed consent. The eligible participants for this study were healthy South Asian males and females between 18 and 60 years of age. Participants were recruited through advertisements at McMaster University, Hindu Temple in Hamilton, Ontario, and through electronic advertising in the city of Hamilton. South Asian ethnicity was verified at the time of the clinic visit. Participants were excluded if they had history of heart disease or were pregnant.

Study design
------------

All participants were asked to observe a 2-h fast before their scheduled appointment, which was confirmed upon arrival. Each participant\'s height was measured using a wall-mounted standiometer device to the nearest 0.5 cm. A measuring tape was used to measure each participant\'s HC and WC. The plane of the tape was kept perpendicular to the long axis of the body and parallel to the floor. HC was measured at the level of maximum extension of buttocks, and the WC was measured at the level of the umbilicus. Subsequently, each participant had his or her body fat measured using the Tanita BIA scale (BC- 585F; Tanita Corporation, Tokyo, Japan) and BOD POD (Life Measurement Instruments, Concord, CA, USA). All assessments were conducted at the Population Health Research Institute Research Clinics, Hamilton General Hospital.

BIA methodology
---------------

The FF-BIA resembles a bathroom scale. The age, sex and height of each participant were entered in the scale, and the participant was asked to step on the platform barefooted, ensuring that his/her clothing was not in contact with the scale. The electrodes connected to the foot pads send a low and safe electrical signal through the body, and the measured %BF value was displayed.

The FF-BIA measures impedance against a small electrical current sent through the body, which is related to the conduction properties of the tissue. The fat-free mass in the body contains electrolyte-rich water and has relatively low impedance, whereas the fat mass is devoid of fluids and has higher impedance. In a FF-BIA, the current circulates in the legs and lower part of the trunk. The fat-free mass (FFM) is measured from an extrapolation to the whole body by using an equation of resistance, weight, height, age and sex. The prediction equations differ between males and females in the healthy adult general population, and these are validated against DXA measures. The manufacturers have kept these equations confidential and they have not been reported in literature.

BOD POD
-------

BOD POD measures body volume using the amount of air displaced in an enclosed chamber. The subject sits in the 450-l front chamber, and the instrumentation is housed in the 300-l rear chamber. Between the two chambers, a volume perturbing element in the form of a movable diaphragm oscillates back and forth causing sinusoidal volume perturbations that are equal in magnitude but opposite in sign with a magnitude of 350 ml.^[@bib11]^ The changes in volume cause small pressure fluctuations of approximately 1 cm^3^ H~2~O that are analyzed by the software to yield chamber air volume (*V*~1~).^[@bib11]^ This process is then repeated with the subject introduced into the test chamber (*V*~2~). The difference *V*~1~−*V*~2~ is the body volume (*V*~b(raw)~). In the BOD POD, the air is maintained under adiabatic conditions, and Poisson\'s law is used to describe the relationship between pressure and volume: *P*~1~/*P*~2~=(*V*~2~/*V*~1~)^*γ*^, where *γ* is 1.4 for air.^[@bib11]^

Although air is mostly maintained under adiabatic conditions, measurement error can be caused by isothermal air in the lungs, near skin or hair and in clothing.^[@bib9],\ [@bib11]^ To reduce this potential error, participants wear a tight-fitting swimsuit and a swimcap during the test. Likewise, the BOD POD software calculates a surface area artifact to correct for the apparent negative volume effects caused by the isothermal air at skin surface. The surface area artifact is calculated as a product of body surface area (derived from weight and height) and a constant. Finally, the last step of BOD POD measures the subject\'s lung air volume (*V*~tg~) to account for the isothermal air in lungs.^[@bib11]^

The body volume (*V*~b~) is calculated by the following formula:^[@bib11]^

Knowing the mass of the subject, the body density (*D*~b~) can be calculated by the formula:

Finally, the %BF can be determined using the derived equations, such as the one by Siri^[@bib12]^ for the general population:

BOD POD methodology
-------------------

At the beginning of each testing day, a quality-control procedure was performed. The participants were asked to change into the recommended form-fitting clothing before their test. For each participant, the date of birth, sex, height and ID were entered into the computer. A two-step calibration procedure was then performed, first with the empty test chamber and then with a 50-l calibration cylinder. While the second calibration step was being performed, the subject was weighed on a calibrated electronic scale. Next, the participant was asked to sit inside the BOD POD chamber and instructed to remain still and continue normal breathing while the body volume was being measured. The measurement took 50 s, and this step was repeated after opening and closing the chamber door. The mean of two measurements was used by the BOD POD software as the body volume. If the first two measurements were not within 150 ml of each other, then a third measurement was performed and the software averaged the two measurements that were within 150 ml of each other. The final step involved measurement of thoracic lung volume (*V*~tg~). This began with the subject in the BOD POD chamber breathing normally for equilibration for 4--5 breaths. The participant then inserted a disposable tube into his or her mouth while plugging his or her nose. This tube was connected to a valve in the chamber through an antimicrobial filter, and the participant was asked to breathe through the tube. After a few regular breaths, the system induced airway occlusion for 2 s due to the closure of a shutter valve. At this point, the participant gently made 2--3 gentle quick puffs into the tube. The software assessed the compliance of the subject to this step, and it was repeated if necessary. If the participant felt uncomfortable doing this step or was unable to get a measurement after five tries, then the software calculated a predicted lung volume using prediction equations based on height and weight of subjects.^[@bib9]^ The lung volume was successfully measured in 57 participants, whereas the predicted lung volume was used in 23 participants. All these procedures were in accordance with the manufacturer\'s recommendations.

Calculation of BAI
------------------

The HC and height were used to calculate the BAI using the following equation as suggested by Bergman *et al.*:^[@bib10]^

Statistical considerations
--------------------------

All the statistical analyses were performed using PASW 18 (SPSS Inc., Chicago, IL, USA). Means and ± s.d. are reported for continuous variables. The normal distribution of the dependent variables used in the regression analyses was confirmed using histograms. Linear regression analysis was used to plot the % BF calculated by FF-BIA and BOD POD on the *x* and *y* axes, respectively, and to calculate the Pearson\'s correlation coefficient (*r*). Male and female specific linear regression analyses were also performed. Subsequently, linear regression was done between the %BF calculated by BOD POD and each of the anthropometric measures independently, including BMI, BAI, WC, HC and WHR. This analysis was then repeated after dichotomizing the subjects based on their BMI (normal BMI ⩽21 kg m^−2^ and BMI \>21 kg m^−2^) and also after adjusting for age and sex. This was done because a BMI \>21 kg m^−2^ has been shown to be associated with dysglycemia and dyslipidemia in South Asians.^[@bib2]^ The correlation coefficients for %BF calculated by FF-BIA vs BAI measurements were also derived. Finally, the data was analyzed using the Bland--Altman method to assess the agreement in fat content measured by BOD POD vs FF-BIA and BOD POD vs BAI. For all calculations, a two-tailed *P*-value of \<0.05 was considered to be statistically significant.

Results
=======

A total of 80 apparently healthy South Asian adult participants (46 males and 34 females) were recruited into the study. The anthropometric measures of the participants, along with their mean body fat values as determined by BOD POD and BIA are reported in [Table 1](#tbl1){ref-type="table"}. The dependent variables were normally distributed. The study population ranged from 18 to 57 years, and the BMI ranged from 17.2 to 31.7 kg m^−2^. Thirty participants (37.5%) had a BMI ⩽21 kg m^−2^.

The body fat calculated by FF-BIA ranged from 6.6 to 44.1%, and the BOD POD-calculated %BF ranged from 9.7 to 51.2%. The mean body fat measured by FF-BIA was significantly different from that measured by BOD POD, with the FF-BIA measurement being 4.3% lower in subjects overall (*P*\<0.01).

The linear regression analysis showed a significant correlation (*r*=0.83, *P*\<0.001) between the %BF calculated by BOD POD and FF-BIA. After stratifying by sex, the correlation in males was *r*=0.75 (*P*\<0.001) and in females was *r*=0.88 (*P*\<0.001). These plots of %BF measured by BOD POD vs FF-BIA are shown in [Figure 1](#fig1){ref-type="fig"}. When stratified according to BMI, the correlations (*r*) in individuals with a BMI ⩽21 and \>21 kg m^−2^ were 0.59 (*P*\<0.001) and 0.86 (*P*\<0.001), respectively.

[Table 2](#tbl2){ref-type="table"} shows the Pearson\'s correlation coefficients (*r*) and the corresponding *P*-values between %BF calculated by BOD POD and anthropometric measures, including FF-BIA, BMI, BAI, WC, HC and WHR for all subjects (both unadjusted and adjusted for age and sex). The *r* values after the subjects were dichotomized based on BMI are also shown in this table. Among simple anthropometric measures, BAI was found to have the strongest correlation with %BF measured by BOD POD (*r*=0.74), especially in individuals with a BMI \>21 kg m^−2^ (*r*=0.76). When the variables were adjusted for age and sex, the correlation coefficients of the anthropometric measures with BOD POD %BF ranged from 0.48 (with WHR) to 0.59 (with BIA) for individuals with BMI ⩽21 kg m^−2^, and from 0.73 (with WHR) to 0.88 (with BIA and WC) for individuals with a BMI \>21 kg m^−2^.

The Pearson\'s correlation between the %BF calculated by FF-BIA and BAI measurements was found to be 0.86 (*P*\<0.001). After stratifying by sex, the correlation in males was *r*=0.85 (*P*\<0.001) and in females was *r*=0.82 (*P*\<0.001). The correlation in individuals with a BMI ⩽21 and \>21 kg m^−2^ were 0.77 (*P*\<0.001) and 0.85 (*P*\<0.001), respectively.

The Bland--Altman analysis plots of agreement between %BF measured by BOD POD and that measured by FF-BIA and BAI are shown in [Figure 2](#fig2){ref-type="fig"}. The average difference between the %BF measured by FF-BIA and BOD POD was −4.3% (95% CI −13.9 to 5.4%). Five of the 80 points were outside of these limits of agreement. In comparison with BOD POD, FF-BIA underestimated %BF in 81% (*n*=65) of the participants. There was a nonsignificant relationship (*r*=0.13) between the difference between the %BF measured by FF-BIA and BOD POD vs the average of BOD POD and FF-BIA measurements. The average difference between BAI and %BF measured by BOD POD was found to be −2.6% (95% CI −14.8 to 9.6%). Five out of the 80 data points were outside of these limits of agreement. Compared with BOD POD, BAI underestimated %BF in 62% (*n*=51) of the subjects. There was a significant negative slope (*r*=0.76) between the difference vs the average of BAI and BOD POD measurements.

Discussion
==========

We observed strong correlations between BOD POD estimates of %BF and those from both FF-BIA and BAI (*r*=0.83 and 0.74, respectively). Both methods underestimate %BF compared with BOD POD, and both the FF-BIA and BAI correlations with BOD POD are substantially weaker among subjects with a BMI ⩽21 kg m^−2^. A strong correlation was also observed between %BF measured by FF-BIA and BAI measurements. Collectively, this implies that either BIA or BAI can be used to classify South Asians into relative %BF categories at a population level, although some caution must be used in populations with low mean BMI, that is, \<21. In addition, comparisons of %BF among individuals across studies where different assessment methods of % BF are used should be interpreted with caution.

BOD POD uses densitometry to measure body composition, and assumes a two-component model, dividing the body into fat mass and fat-free mass. FF-BIA also uses a two-component model to estimate body composition by measuring the electrical resistance against a mild current sent through the lower limbs. There have been no previous studies comparing these two modalities. However, some studies have reported a strong correlation of hand-to-foot BIA to the BOD POD measurement of %BF in White Caucasian adults.^[@bib13],\ [@bib14]^ Levenhagen *et al.*^[@bib13]^ reported in 20 subjects a correlation coefficient (*r*) of 0.94 (*r*=0.93 for females and 0.80 for males), and Biaggi *et al.*^[@bib14]^ reported in 47 subjects a high overall correlation of 0.86 and a nonsignificant overestimation of 1.12% BF by BIA. In contrast, we observed using the FF-BIA machine that BIA systematically underestimates %BF when compared with BOD POD.

Interestingly, when simple anthropometric measures of body composition were compared with the BOD POD %BF, the BAI (an index made up of height and HC) showed the strongest correlation (*r*=0.74, *P*\<0.001). The other simple anthropometric measures (BMI, WC, HC and WHR) were reasonably well correlated with %BF by BOD POD, except among individuals with a low BMI ([Table 2](#tbl2){ref-type="table"}). BAI is a relatively new measure proposed recently by Bergman *et al.*^[@bib10]^ and has been validated against DXA scanning and shown to be strongly correlated in people of Mexican-American, African-American, European-American and Spanish-Mediterranean ethnicities.^[@bib10],\ [@bib15],\ [@bib16]^ One of the major advantages of the BAI is that it is simple to collect and thus is appropriate for use in large population studies, including in rural areas of India, where electronic or mechanical measurement of BF-measuring machines may not be practical. Another benefit of using BAI is that the same equation is valid for both men and women. Bergman *et al.*^[@bib10]^ found a strong correlation of BAI with DXA (*r*=0.79 in Mexican-American adults and *r*=0.85 in African-Americans), and concluded that BAI is a valid measure of %BF. In comparison with DXA, BAI has also been shown to be a better measure of adiposity than BMI patients with familial partial lipodystrophy matched with healthy volunteers (*r*=0.71 with BAI and 0.27 with BMI),^[@bib17]^ in 2900 healthy white Caucasians (*r*=0.74 with BAI and 0.54 with BMI),^[@bib15]^ and in 623 healthy white Caucasian adults (*ρ*(c)=0.75 with BAI and *ρ*(c)=0.44 with BMI)^[@bib16]^ In contrast, a cross-sectional study conducted in a multiethnic sample of 1151 adults of White Caucasian, Black, Hispanic and Asian ethnicities reported a strong correlation between DXA and both BAI (*r*=0.86) and BMI (*r*=0.74).^[@bib18]^ A recent study by Geliebter *et al.*^[@bib19]^ conducted in 19 clinically severe obese (mean BMI=46.5±9.0 kg m^−2^) women compared BAI and BMI in relation to %BF measured by BIA, BOD POD and DXA. Overall, BMI was better correlated with all the BF measurements compared with BAI, although this study was small and represented an extreme population. The Bland--Altman analysis in our study showed that BAI generally underestimates %BF, however, the significantly negative slope implies that the BAI overestimates %BF at lower fat levels and underestimates %BF at higher fat levels in comparison with BOD POD. In contrast, Freedman *et al.*^[@bib18]^ found that BAI generally overestimated %BF compared with DXA, although similar to our findings, the overestimation by BAI was greater at lower BF levels. The Bland--Altman plots in the study by Bergman *et al.*^[@bib10]^ also suggest an overestimation of %BF by BAI compared with DXA in individuals with low fat levels; however, this was not discussed in their study.

The significant underestimation of %BF by both FF-BIA and BAI may be explained by the unique BF distribution of South Asians. South Asians have a significantly greater total abdominal fat and intra-abdominal adipose tissue compared with white Caucasians, for a similar value of BMI.^[@bib3]^ The FF-BIA estimates %BF based on the fat content in legs and does not account well for the greater amount of abdominal fat, whereas the %BF measured by BOD POD accounts for the whole body. That is, the impedance of the current in FF-BIA might overestimate the content of lean tissue in individuals with proportionally higher intra-abdominal adipose tissue, and thus, estimates of %BF based on current impedance in such individuals would result in an underestimation of the true value. The equation for BAI assumes %BF is proportional to HC and inversely proportional to height. This equation implies an overall density/volume that is fixed for a given height and HC combination. An increase in intra-abdominal adipose tissue without associated increases in either HC or height would result in an underestimation of assumed overall body volume, and thus an underestimation of %BF.

Estimates of %BF based on FF-BIA and BAI seem to be better in larger individuals (BMI \>21 kg m^−2^). It may be that random error in anthropometry measurements required for these methods have a greater impact on smaller individuals. For example, a 1-cm error in HC has a greater impact on an individual with an 80-cm HC than it would on one with a 100-cm HC. Likewise, 1 kg of unaccounted intra-abdominal fat would cause a greater error in the estimated %BF in someone with 20 kg of BF than it would in an individual with 40 kg of BF. The relatively better smaller underestimation seen in BAI compared with FF-BIA might be due to the extra parameter (that is, HC) to account for individual morphology. However, it is noteworthy that neither method completely accounts for morphology differences, and thus, both will be susceptible to error when morphology deviates from that of the average population. Future studies should further elucidate these observations.

The potential limitations of our study include our relatively homogeneous South Asian sample as most of our participants were university students, which may limit the generalization of our results to other South Asians living in Canada and abroad. However, we attempted to recruit a range of individuals across all categories of BMI and %BF, which may partially offset this limitation. In addition, the measurement of WC at the level of umbilicus may be criticized as it is not the location recommended by the World Health Organization. This limitation is likely minor, as previous studies comparing measured and reported WC have concluded that sufficiently accurate WC measurements are obtained from participants, even if no instructions are given on how to take the measurement.^[@bib20],\ [@bib21]^

Conclusion
==========

The FF-BIA and BAI estimates of %BF are highly correlated with that from BOD POD among people of South Asian origin, although both methods somewhat underestimate % BF. Furthermore, their correlations with % BF from BOD POD are significantly weakened among men and women with a BMI ⩽21 kg m^−2^.
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###### Descriptive statistics of the study population

  *Variable (unit)*          *All (mean±s.d.)* n=*80*   *Males (mean±s.d.)* n=*46*   *Females (mean±s.d.)* n=*34*
  -------------------------- -------------------------- ---------------------------- ------------------------------
  Age (years)                27.8±10.5                  27.6±9.2                     28.1±12.2
  Weight (kg)                65.7±12.4                  72.3±10.1                    56.8±9.3
  Height (cm)                169.9±9.3                  176.2±5.9                    161.4±5.5
  BMI (kg m^−2^)             22.7±3.5                   23.3±3.3                     21.8±3.6
  Waist circumference (cm)   78.7±11.3                  82.9±10.1                    73.04±10.5
  Hip circumference (cm)     91.8±7.3                   93.2±7.3                     89.9±6.9
  Waist-to-hip ratio         0.86±0.08                  0.89±0.06                    0.81±0.07
  Body adiposity index       23.6±4.1                   21.9±3.5                     25.9±3.7
  FF-BIA fat (%)             21.9±7.9                   19.0±6.3                     25.9±8.1
  BOD POD fat (%)            26.2±8.5                   24.0±7.7                     29.1±8.7

Abbreviations: BMI, body mass index; FF-BIA, foot-to-foot bioelectrical impedance analysis.

###### Correlation coefficients of %BF calculated by BOD POD with other anthropometric measures in all subjects and after being dichotomized based on their BMI

  *Measure*   *All subjects (*n=*80)*   *BMI ⩽21 kg m*^−*2*^ (n=*30)*   *BMI \>21 kg m*^−*2*^ (n=*50)*              
  ----------- ------------------------- ------------------------------- -------------------------------- ---------- ----------
  BIA         0.83\*\*                  0.59\*\*                        0.59\*                           0.86\*\*   0.88\*\*
  BAI         0.74\*\*                  0.55\*\*                        0.58\*                           0.76\*\*   0.82\*\*
  BMI         0.64\*\*                  0.14                            0.53\*                           0.67\*\*   0.86\*\*
  WC          0.54\*\*                  0.04                            0.51\*                           0.53\*\*   0.88\*\*
  HC          0.58\*\*                  0.24                            0.57\*                           0.54\*\*   0.83\*\*
  WHR         0.33\*                    0.19                            0.48                             0.31\*     0.73\*\*

Abbreviations: BAI, body adiposity index; BIA, bioelectrical impedance; BMI, body mass index; HC, hip circumference; WC, waist circumference; WHR, waist-to-hip ratio.

\**P*\<0.05; \*\**P*\<0.001.

The adjusted columns show the correlation coefficients after adjusting for age and sex.
